The physical mechanisms and physiological causes of glare in human vision are reviewed. These mechanisms are scattering in the cornea, lens, and retina, and diffraction in the coherent cell structures on the outer radial areas of the lens. This scattering and diffraction are responsible for the "bloom" and "flare lines" seen around very bright objects. The diffraction effects cause the "lenticular halo". The quantitative models of these glare effects are reviewed, and an algorithm for using these models to add glare effects to digital images is presented. The resulting digital point-spread function is thus psychophysically based and can substantially increase the "perceived" dynamic range of computer simulations containing light sources. Finally, a perceptual test is presented that indicates these added glare effects increase the apparent brightness of light sources in digital images.
Introduction
There is a continual quest for photorealistic simulations, not only by accurately modeling the physical behavior of light reflection, propagation and transport, but by the creation of images that are "perceived" to be realistic. Unfortunately, a digital image can only be as realistic as the limited color gamut, dynamic range, spatial resolution, field-of-view, and stereo-capacity that the display medium will allow. If we had a display medium which could produce the high luminances of real scenes, we would calculate the radiometric quantities for each pixel in the two dimensional image lattice, and send the resulting lattice to the display. However, digital images are displayed on devices with from 256 to 1024 luminance levels and a maximum luminance of approximately 50 cd=m 2 . To illustrate why this lack of intensity can hamper realism, consider the difference between the perception of a displayed digital image of a single white pixel on a black background, and the real experience of looking at a small incandescent bulb. The real bulb differs from the digital image in two important ways. The first difference is a qualitative "brightness" that the bulb possesses. The second difference is the hazy glow that can be seen around the bulb. This glow not only gives an impression of greater brightness, but it can also interfere with the visibility of objects near the bulb. We can improve the realism of simulated images by adding effects which perceptually expand and enhance the perceived dynamic range. These effects are most pronounced where bright light sources are visible within the scene. Perceptual effects which exaggerate the brightness of objects in an image have long been used in artistic expression. The impressionists, in the late 19th century depicted the brightness of illuminating sources by adding tell-tale radial lines ( Figure 1 ). Cinematographers often add etched lenses to create special effects around lights, starbursts, or explosions to make them appear brighter than otherwise. Although these techniques are not psychophysically accurate, each produces the desired impression by exaggerating the luminance of the sources.
The idea of adding glare effects to a digital image is not new. Nakamae et al. [20] pointed out that the limited dynamic range of CRTs prevents the display of luminaires at their actual luminance values, and that adding streaking and blooming around the luminaires helps give the appearance of glare. While Nakamae et al.'s glare algorithm is extremely effective in conveying an impression of luminaire intensity, it does not account for the visual masking effects of glare, which is needed for object-visibility prediction. Our approach has been to model the physical effects, primarily caused by the interaction of light rays and the physiology of the human eye. For many years, researchers in optics, psychophysics, and illumination engineering have attempted to determine the mechanisms behind glare, and to quantify the effects of glare on viewers. A camera lens filter that mimics the underlying mechanisms of glare in human vision has recently been developed, and had better results than conventional glare filters for some effects [1] .
Glare effects can be subdivided into two major components: flare and bloom. Flare is composed of a lenticular halo and a ciliary corona (Figure 2) , and is primarily caused by the lens [29] . Bloom is caused by scattering from three parts of the visual system: the cornea, lens and retina (Figure 3) . The lenticular halo, ciliary corona, and bloom are the dominant contributing factors to glare effects and greatly affect our perception of the brightnesses of light sources.
Rays of the ciliary corona appear as radial streaks emanating from the center of the source. Similar ray patterns associated with other coronas have been studied by physicists and are caused by random fluctuations in refractive index of the ocular media [15] .
The lenticular halo is observed as a set of colored, concentric rings, surrounding the light source and distal to the ciliary corona. The somewhat irregular rings are composed of radial segments, where the color of each segment of the ray varies with its distance from the source. The apparent size of the halo is constant and independent of the distance between the observer and the source. This phenomenon is caused by the radial fibers of the crystalline structure of the lens [29, 15] .
Bloom, frequently referred to as "veiling luminance" is the "glow" around bright objects. Bloom causes a reduction in contrast that interferes with the visibility of nearby objects, such as the night-time view of the grill between two car headlamps. Bloom is caused by stray light attributed to scatter from three portions of the eye: the cornea, the crystalline lens, and the retina, all with approximately equal contributions [33] .
The physiology of the eye and the resultant physical effects are explained in greater detail in the following section. In Section 3 we develop the quantitative aspects of this glare in terms of the point-spread function of the human eye and present an algorithm for generating the digital flare filter that approximates the point spread function. In Section 4 we describe a brief perceptual experiment which verified the increase in perceived brightness. We conclude the paper showing several vivid examples and recommendations for future work.
Physiology and Physical Effects
The physical mechanisms behind glare have been studied since the late 19th century [29] and have been a matter of debate until quite recently [15] . In this section we present the physical origins of glare, drawing mainly on Simpson's work on lenticular haloes [29] , and Vos [33] and Hemenger's [15] work on scattering in the eye.
Lenticular Halo
When one observes a point source of light in a dark surround, there appears to be a series of concentric colored rings around the source. This is known as the lenticular halo ( Figure 2 ). No matter how far away the source is from the observer, the haloes always subtend the same angle at the eye. As shown in Figure 4 , this creates an illusion that haloes around distant light sources appear larger than haloes around nearby sources. The intensity of the halo decreases with distance, and streaks are seen if the source subtends a sufficiently small solid angle. The lenticular halo is caused by the circular optical grating formed by the radial fibers at the periphery of the crystalline lens. This was first explained by Drualt in 1897 [29] , and experimentally verified by the Emsley-Fincham tests in 1922 [29] . A clear explanation, first presented by Simpson in 1953 is illustrated below. Figure 5 (a) shows a biconvex lens with a circular grating etched into the outer portion of the lens. The axis of the lens is through the center, perpendicular to the plane of the paper, and meets the focal plane at point F. If we consider a small segment of the circular grating at G, where the lines of the segment are nearly parallel, we have a typical parallel diffraction grating.
Light is refracted according to the following equation:
where is the angular deviation of the light path, is the wavelength, and e is the distance between adjacent grating spaces. Thus, when white light is passed through the region G, and focused on the focal plane, the violet components appear at V , F, and V 0 , and the red components appear at R, F, and R 0 . Thus two lines are formed, each one radiating outward and containing the full range of spectral colors. As we circumferentially traverse the circular grating, two overlapping haloes are produced. The biconvex lens with the circular optical grating is actually a simplified model of the crystalline lens of the human eye ( Figure 5(b) ). This is composed of fibers which are relatively large strips of transparent material having a cross-section of roughly hexagonal shape [10] . Although the central part of the lens is optically homogeneous, the exterior portions act as an optical grating with a spacing of e, the width of the fibers.
A beam of light which is less than 3mm in diameter can pass through the clear portion of the lens, but subtending larger angles will always pass through the grating, thus creating the lenticular halo. This means that haloes are not seen in daylight levels of illumination (when the pupil is 2mm across) but is seen in darker conditions. 
The Ciliary Corona
The ciliary corona is depicted in Figure 2 and consists of rays emanating from a point light source. These radial rays may extend beyond the lenticular halo, and are brighter and more pronounced as the angle subtended by the source decreases ( Figure 4 ). The ciliary corona is caused by semi-random density fluctuation in the nucleus of the lens which causes forward scattering that is independent of wavelength [15] . As the size of the source increases, it appears that the ciliary corona blurs and contributes to the bloom effect. This is because superimposing the fine flare lines coming from each part of an areal source eliminates the crisp pattern of any given set of radial flare lines. Simpson observed that sources much larger than 20 minutes of arc did not have significant flare lines.
Bloom
Bloom, frequently referred to as "disability glare" or "veiling luminance" is best illustrated by the reduced visibility which occurs in the presence of bright light sources. This effect is attributed to the scattering of light in the ocular media, where the scatter contributions from the cornea, crystalline lens, and retina occur in roughly equal portions.
This effect is illustrated in Figure 6 where light from source A scatters inside the eye and is added to light coming from object B. This scattered light adds an effective luminance s that does not originate at B. Because light is added to both the light and dark parts of object B, the contrast ratio L2=L1 is reduced. In addition, since sensitivity to absolute luminance difference decreases as the base luminance increases, the difference between L1 and L2 might be dis-cernible, while the difference between s + L1 and s + L2 is not. The magnitude of s depends on the angle of separation , and the luminance and solid angle of the source. The quantitative details of this dependence will be discussed in Section 3.
Veiling luminance has been the subject of investigations for almost two centuries, and there is still some controversy surrounding some of the details of the mechanisms for glare. It is evident that the stray or scattered light plays a dominant role [15] , but neural inhibitory effects may also be present at very small angles of incidence [33] .
It is not feasible to document the large number of psychophysical studies performed on this subject, and the reader is referred to the annotated bibliography of Ronci and Stefanacci [24] , as well as the more recent studies of Owsley et al. [22] , Ross et al. [25] , and Ijspeert et al. [17] . Investigations by Stiles [31] , Cornsweet and Teller [9] , Blackwell and Blackwell [3] , Hemenger [15] and others all corroborate that the masking effect of glare is caused primarily by stray light. Direct evidence has also been obtained by observing the interior of the eye, revealing that the light scattering comes primarily from the cornea, crystalline lens, and retina ( Figure 2 ). These cellular structures, many microns in diameter, scatter light independent of wavelength, much like a rough reflecting surface.
For the cornea and the lens, the light is scattered in a narrow forward cone with approximately a Gaussian distribution [5] . The corneal scattering can be differentiated from the lenticular scattering since it casts a shadow of the iris on the retina. The retina to retina scattering, although physically in all directions is only important in the same forward directions due to the drastically reduced directional sensitivity of the cone system to obliquely incident light (the "Crawford-Stiles" effect). Because the rod sensitivity does not have as high a directional sensitivity as the cones, the magnitude of glare is greater in dark (scotopic) conditions. For these reasons, the light scattering is somewhat like a "blurring" or "blooming" effect with a sharp drop-off, and can be approximated with empirical formulae to match the experimental results.
Algorithm
Although at a high level we understand the physical mechanisms behind scattering in the eye, the exact structure of the cells in the eye is not known to the extent that we can simulate the scattering from first principles. In fact, current knowledge about the cell structure in the eye comes from inversion of observed scattering behavior [2, 15] . For this reason, we use psychophysical and phenomenological results in addition to physical modeling.
If the eye is focused on a "point source", then ideally a small discrete area of non-zero irradiance would fall on the retina. Because the eye is a real optical system, there will be some blurring of this signal on the retina. This blurring can be described by a "point source function" (PSF) for the eye. In Section 3.1 we describe quantitative glare models in terms of the PSF of the eye, and in Section 3.2 we show how this model can be simulated by convolving a radiometric image with a particular digital filter kernel.
Quantitative Model of Glare
There is approximate agreement on the exact perceptual contribution of the bloom for a "normal" viewer. Several researchers [16, 31, 11] have studied the magnitude of the glare effect by examining the threshold of visibility of an object near a source that produces illuminance E0 at the front of the eye. By turning the source off, and adding a background luminance Lv that makes the object barely visible, the "equivalent veiling luminance" Lv can be found. This has led to empirical equations taking the general form:
Lv() = kE0 f() ; (1) where Lv is the equivalent veiling luminance in cd=m 2 , E0is the illuminance from the glare source at the eye in lx, k is a constant depending on the experimental conditions, is the angle between the primary object and the glare source in degrees, and f is an experimentally determined function. Various values for k between 3 and 50 have been used, and f() is usually set to be N or (+0) N with N ranging from 1.5 to 3. Since the bloom is viewer-dependent, all of these values for k and f can be considered to be in some sense reasonable, but recently an approximate consensus has been reached on the details of these parameters.
The form of Equation 1 is somewhat confusing because it involves both luminance and illuminance. Vos has presented the equation in a less intimidating form by rewriting it as a point spread function (PSF). A PSF is a density (unit volume) function defined on the visual field that describes how a unit volume point source (a delta function) is "spread" onto other points of the visual field. If we assume that the unscattered component of Equation 1 is unchanged (appears as an exact point source), then the PSF P() is:
where () is an "ideal" PSF and a is the fraction of light that is not scattered. The form of Equation 2 assumes that there is no energy loss in the system. This is not the case, and has been the cause of some debate in the glare literature. The perceived fraction of light scattered in Equation 2 (i.e. R k=f()) is roughly 10% for normal viewers. However, physical experiments suggest that as much as 40% of the light is actually scattered [26, 4] . Researchers have investigated this apparent contradiction. The most common explanation is that angular dependence of the sensitivity of the cones in the retina (the Crawford-Stiles effect [36] ) effectively absorbs some of the stray light, particularly for more than a few degrees.
This same effect causes light transmitted by the outer edge of a fully dilated pupil to be 5-10 times less effective than light through the center of the pupil [33] . This implies that we should trust the ten percent figure for our purposes because it is the perceptual quality of the light that we need to account for. Thus, we should realize that Equation 2 represents a normalized perceptual PSF and does not measure the spread of retinal illuminance.
Recently, Vos has attempted to unify the large number of PSF models for the eye [33] . In this section we review Vos' work, and add two effects studied by Hemenger [15] not accounted for in Vos' model.
If the point spread function is defined on the hemisphere of directions entering the eye, where is the angle from the gaze direction and is the angle around the gaze direction,
where the angles are measured in radians. This normalization condition asserts that the PSF P redistributes energy, 
This PSF is subscripted with a "p" because it is appropriate for observers in a photopic (light adapted) state. The light adaptation of a viewer is described by one of three basic states [23] : less than 0.01 cd=m 2 is the scotopic region (night vision); the range 0.01-3 cd=m 2 is the mesopic region (mixed night and day vision); more than 3 cd=m 2 is the photopic region (day vision) The graph of Equation 5 is shown in Figure 8 .
Adding the lenticular halo
For pupil diameters less than three millimeters, Simpson reports that the coherent fibers in the lens are blocked by the iris. The pupil diameter is influenced by many factors such as age, mood, and the spectral distribution of incoming light, but it is primarily related to the field luminance of the scene. Moon and Spencer (1944) [36] relate average pupil diameter D (in mm) to field luminance L (in cd=m 2 ): D = 4 : 9 3 tanh (0:4(log 10 L + 1)) : This yields a pupil diameter of about 3mm for L = 1 0 cd=m 2 , which is the field luminance of a dimly lit interior. We should expect no lenticular halo in daylight conditions, a mild lenticular halo in dimly lit rooms, and prominent lenticular haloes for dark scenes.
It was observed by Mallero and Palmer [18] 
where B is a constant and 0 = 3 .
Since the angle of a diffraction pattern peak is proportional to wavelength, we can establish the formula: 0() = 568 :
Since we expect the same fraction of incident energy to be diffracted for each wavelength, we can construct a unit volume PSF for the lenticular halo: f3(;) = 436:9 568 e ( 3 568 ) 2 :
Mallero and Palmer also observed that in dark conditions the halo at 568nm had about ten times the luminance of the ciliary corona. 
This assumes the lenticular halo is diverted from the central peak. The subscript m refers to a mesopic observer, whose pupil is large, but whose cones are still active. For darker conditions the amount of glare may be higher.
At 0:15cd=m 2 there is 50% more straylight than at 100cd=m 2 [22] . This suggests an alternative form for the darkest pointspread function:
Ps(;) =0 : 282f0() + 0 : 478f1() + 0 : 207f2() + 0 : 033f3(;):
The graph of Ps is shown in Figure 8 .
Viewer-Specific Variation in PSF
There is an increase in glare with age, although the shape of the PSF stays the same [13] . If there are no cataracts, Vos [33] has established a rough age relation: (10) where A is the age of the viewer in years. This change in vision is caused primarily by optical changes in the eye [12] , but there is some loss due to neural changes as well [21] . Equation 10 implies that the fraction of light scattered more than 0:05 increases from 0.36 at age 20 to 0.45 at age 60.
The ratio of this light to unscattered light approximately doubles between the ages of 20 and 70. The situation can be even worse for viewers with cataracts, where the fraction of light that is scattered can be close to one [14] . There are no sex differences in the PSF [22] , and only minor differences for viewers with different pigmentation [17] . The formulas for Pm and Ps will have similar behavior to Pp, but the coefficient for f3 may remain relatively constant because the pupil diameter becomes more static with age. This may result in mild lenticular haloes in photopic conditions for old viewers.
There is also an age-related color shift toward the yellow in the light transmitted by the lens. This, as well as increased fluorescence of the lens, can cause an additional reduction in visibility for elderly viewers in some viewing conditions such as twilight [6] and scotopic conditions [21] . The yellowing of the lens also causes metamerism to vary with age [8] . Since age-related changes vary widely from viewer to viewer, these studies are primarily useful for establishing guidelines for the design of environments that are safe for "typical" elderly viewers.
Digital Glare Filter Generation
The glare formulae of Section 3.1 can be applied directly to digital images by using a digital point spread function to spread energy in high-intensity pixels to nearby pixels. This basic strategy has been used by Nakamae et al. [20] and Chiu et al. [7] . Unlike these previous approaches, we use different flare filters based on the adaptation state of the viewer.
To develop a filter for a particular image, we first construct digital versions of f0(), f1(), f2(), and f3(). Since each of these filters must have unit volume, we can calculate each filter proportional to a given function, and then renormalize the filter so that all pixels sum to one. These filters and the images they are applied to are stored in Ward's floating point file format [35] , so that the small values in the offcenter filter pixels are not lost. We compute the filter for an N N image, where N = 2 n +1so there is guaranteed to be a single central pixel. We number these pixels (0; 0) through (N 1;N 1) and we calculate the angle subtended by the pixels of the image that we will add glare to. This We use the trapezoidal rule to evaluate this integral. For f0, f1, and f2 we use 10000 sample points in the central part of the filter where there is rapid change in the function, and 100 sample points elsewhere. To construct the colors in the lenticular halo, f3(;), we process Equation 7 for 50 wavelengths from 400nm to 700nm and then convert to a trichromatic transform as described by Meyer [19] . This halo is not a classic "pure" spectrum because each wavelength bleeds into its neighbors, so it is not on the boundary of the visible part of the CIE diagram and is thus easier to display on a monitor gamut. The resulting pattern is shown in Figure 9 and is consistent with Simpson's observations (Figure 2) . Unfortunately, the filters calculated in this manner will lack the flare lines we expect (Figure 2 ), because they are spatial averages over areas that cover many flare lines. We need to add these flare lines without disturbing the macroscopic structure suggested by Equations 5, 8, and 9. We add flare detail to our digital filter by drawing random antialiased radial lines of random intensity in the range [0;1] on a digital image the same size as our filter. We draw a number of lines to visually match Simpson's observations (Figure 2) . We assume that the ciliary corona (represented by f1() and f2()) is composed of one set of flare lines, and that the lenticular halo (represented by f3()) is composed of a different set of flare lines. This separation is consistent with the fact that there is a different physical mechanism for the two components, as was discussed in Section 2.
We take the random pattern of flare lines and adjust it so that it has an average pixel value of 1.0, and that each small neighborhood also has an average value of 1.0. This has the effect of increasing the pixel intensity radially because the fraction of pixels in a streak decreases radially from the center. This new pattern is then multiplied by the original flare functions, which gives them the appropriate detail without changing their carefully calculated macroscopic behavior. This process is shown in Figure 10 , for the particular case of Pm() (Equation 8 ), where the filter is built up in stages.
The filter is independent of a particular image, but must be recomputed for a new field-of-view because the angular size of a pixel changes. Thus only one filter is computed for an animation sequence that uses one set of camera parameters. The width and height of the filter is double the width and height of the target image. Because the values in the filter decrease away from the center (except for the lenticular halo which is approximately a factor of ten larger than its nearby interior neighbors), we can use only a central portion of the filter when processing dim pixels. This enormously decreases the execution time (approximately a factor of 100 in our implementation on the images in Section 5). Because the viewer will experience actual glare for the displayed pixels, we only need add glare to pixels whose full intensity is not displayed. So if the maximum displayable intensity is Im, and the computed intensity for a given pixel is I, where I > I m , the filter is applied to the value I Im.
Note that the filter is applied at each of these bright pixels in the source image, which is spread to the appropriate regions of the destination image.
Perceptual Tests
Once the techniques are developed to simulate flare and bloom, simple experiments can be conducted to determine the perceptual effects.
In one simple experiment, two stimuli, one with a ciliary corona, and one without, were compared to see which one was perceived to be brighter. Each greyscale image was presented in a window with a short presentation time, 400ms or 700ms. Colormap manipulation was implemented to control the presentation time to within 10ms. Each image window was 300 by 300 pixels on the 1280 by 1024 display monitor. The presentation window was the only item visible on a screen with a black background.
The basic "staircase" method was utilized in the experiment with a three-way forced choice (choices were "Image A Brighter", "Image B Brighter" and "Neither Image Brighter"). The staircase method refers to a method of decreasing the adjustment to a stimulus to converge on a threshold while virtually eliminating predictive bias [36] . Images were presented on a Sony Trinitron 19 inch display connected to a Hewlett-Packard 9000/750 with a VGRX Graphics card. One window contained an image with the ciliary corona flare filter applied, and the other contained an identical image, except that the light source was replaced with a hardware-drawn disc surrounded by an annulus of one-third the intensity of the central disc (Figure 11(a) ). The maximum intensity of the source with the corona flare was 75% of the maximum value displayable by the display device. The intensity of the disc varied from 0 to 100% of the maximum value.
Trials were arranged into two groups, with and without context for the source. In one group, the light source was presented by itself, in the center of a black field (Figure 11(b) ). In the other group, the light source was placed into the context of a light bulb at the end of a desk lamp on a desk (Figure 11(c) ). The order in which these groups of trials was run was randomized -half of the subjects performed the experiment with the context set first, and the other half observed the context free environments first. The glare images were also randomly swapped with the disc images so that one type of image did not always appear in the same side of the display. In both groups of trials, there were 12 glare images, ranging from a simple slightly blurry dot to a light source which had too much glare to be believable. The entire experiment took place in a darkened room, so that the intensity of the test images would appear brighter overall, and enhance the glare effect.
Experimental Results
The experiment was conducted with a group of seven subjects, generating a statistically significant sample, given the small deviation usually present in brightness perception experiments.
The results, shown in Figures 12, and 13 , show the expected response to the glare increase. If the glare had no effect, then the perceived intensity would be constant, as shown by the horizontal line at the 75% level.
The presence of a context (a lamp on a table) had no significant influence on the user's perception, but subjects did report having more confidence about the absolute brightness of the light source when the context was present. The results indicate a fairly strong effect due to glare. This observation implies that applying a glare filter improves the apparent dynamic range of an image.
Examples
The digital filters of Section 4 were applied to several digital images. By contracting the filter radius for dim pixels, we were able to run the filters in approximately one to three minutes per image on a HP9000/755. All of the images are shown before and after application of the flare filter.
The scotopic PSF Ps was applied to a night scene (Figure 14) . Note that the haloes stay the same size for sources at different distances. The cars in two filtered images are at different angles, so only the car on the bottom shows appreciable glare. Also notice that the brightness of the headlights at different angles can only be detected once the glare is added. The images in Figure 14 we desaturated so that the saturation in HSV space was reduced by 70% to simulate scotopic (rod) vision. The image was not completely desaturated because color vision degrades gradually and is still partially active even under moonlight (about 0.03 cd=m 2 ) [30] . The sun pokes through just a few holes in the leaves of the tree. Note that, as expected when viewing a bright scene, the lenticular halo is missing from Figure 16 .
All of these images have some burn-out, where the value of the pixel goes above one. Ultimately, a more sophisticated tone mapping algorithm should be used [32, 7, 34, 27] , so that the images will have the appropriate degree of object visibility, and qualitative lightness or darkness. This issue is not addressed in this work.
Conclusion
We have presented the mechanisms of glare in the human visual system, and have provided quantitative formulae used by the vision community that describe its magnitude. These mechanisms are scattering in the cornea, lens, and retina, and diffraction in the coherent cell structures on the outer radial areas of the lens. The scattering and diffraction are responsible for the "bloom" and "flare" lines seen around very bright objects. The diffraction effects are responsible for the "lenticular halo".
We have used these glare formulae to develop a digital point-spread function to add glare effects to digital images, and have run a perceptual experiment that indicates that the added glare increases the effective dynamic range in a digital image. Because the physically-based glare effects are expensive to compute, future work should focus on developing efficient methods that yield the same perceptual effects as the physically-based glare.
